Introduction
Group A streptococci (GAS) are able to cause acute rheumatic fever (ARF) and subsequent rheumatic heart disease (RHD) after infection in humans. Since ARF and RHD constitute the major cause of mortality due to heart disease below the age of 50 worldwide (1) , the pathogenesis of this disease has been the focus of interdisciplinary research. The pathogenic mechanism, however, by which certain GAS but not others evoke autoimmune inflammatory processes remains unresolved.
It is generally believed that autoimmunity following streptococcal infection is responsible for the organ damage in ARF and RHD patients (2) . The current concept that attempts to explain how streptococci trigger a hostdirected autoimmune response is based on heart crossreactivity induced by molecular mimicry -the presence of common epitopes in bacteria and the human host (3, 4) . Besides streptococcal membrane peptides (5) and the group A carbohydrate (6), M protein is the favorite molecule in this concept, since myosin or other heart-crossreactive epitopes have been identified (7) (8) (9) . ARF is a multifocal inflammatory disease that may affect the heart (carditis), joints (arthritis), CNS (chorea), skin, and subcutaneous areas. These clinical manifestations could be explained by the presence of several distinct, tissue-specific autoantigens, or by a ubiquitous host antigen that might serve as autoimmune target in several tissues. In this scenario, extracellular host factors present in basement membrane represent attractive candidates in rheumatic disease. Beside this, ECM proteins are targets for Streptococcus pyogenes during the initial infection process, enabling the organism to adhere, colonize, and evade the host defense mechanisms (4, 10, 11) . This study now analyzes the interaction of S. pyogenes with collagen type IV (CIV), one of the major constituents of basement membrane (12) , since it (a) is an attractive target for pathogen colonization, (b) is a labile factor involved in a series of autoimmune syndromes observed in humans and animals (13) (14) (15) (16) , and (c) appears to be affected during rheumatic disease (17) . Our aim was thus to elaborate how GAS interact with human CIV, to identify the bacterial factors involved, and to define their biological function. Based on these findings, the further aim was to analyze the potential to generate anti-collagen antibodies in mice, Acute rheumatic fever is a serious autoimmune sequel of Streptococcus pyogenes infection. This study shows that serotype M3 and M18 S. pyogenes isolated during outbreaks of rheumatic fever have the unique capability to bind and aggregate human basement membrane collagen type IV. M3 protein is identified as collagen-binding factor of M3 streptococci, whereas M18 isolates bind collagen through a hyaluronic acid capsule, revealing a novel function for M3 protein and capsule. Following in vivo mouse passage, conversion of a nonencapsulated and collagen-binding negative M1 S. pyogenes into an encapsulated, collagen-binding strain further supports the crucial role of capsule in mediating collagen binding. Collagen binding represents a novel colonization mechanism, as it is demonstrated that S. pyogenes bind to collagen matrix in vitro and in vivo. Moreover, immunization of mice with purified recombinant M3 protein led to the generation of anti-collagen type IV antibodies. Finally, sera from acute rheumatic fever patients had significantly increased titers of anti-collagen type IV antibodies as compared with healthy controls. These findings may suggest a link between the potential of rheumatogenic S. pyogenes isolates to bind collagen, and the presence of collagen-reactive autoantibodies in the serum of rheumatic fever patients, which may form a basis for post-streptococcal rheumatic disease. These anti-collagen antibodies may form a basis for poststreptococcal rheumatic disease.
and to test sera from ARF patients for the presence of collagen-reactive autoantibodies.
Methods
Streptococcal strains and culture conditions. S. pyogenes strains representing 43 M types (M types 1-6, 11-14, 17-19, 22,  23, 25, 28, 30, 33, 41, 42, 44, 49, 52-54, 56-59, 63, 65,  68-70, 74-78, 80 , 81, and 89) were collected worldwide from various infections. Rheumatic fever-associated M type 3 and M type 18 GAS isolates were collected during outbreaks of ARF in the US (18) . M3 S. pyogenes C203 (ATCC12384; American Type Culture Collection, Rockville, Maryland, USA) and its M-negative variant C203S (ATCC14289; American Type Culture Collection) as well as the M1 blood isolate KTL3 (19) were also used. The Streptococcus gordonii strain was described previously (20) . Streptococci were grown as described previously (11) .
Collagen-binding assays. Streptococci were suspended in PBS to give 5 × 10 8 bacteria per ml. Then, 1 × 10 8 bacteria were incubated with 30 ng (20 nCi) of 125 I-labeled CIV isolated from placenta (Calbiochem; Merck Biosciences GmbH, Schwalbach, Germany) for 45 minutes at 22°C. Bacteria were processed and binding was assessed as described previously (11) . For removal of capsule, 1 × 10 8 bacteria were incubated with 20 µl (60 U) hyaluronidase (AppliChem GmbH, Darmstadt, Germany) for 45 minutes at 37°C, washed three times in 1 ml phosphatebuffered saline pH 7.5 containing 0.05% tween 20 (PBST), and resuspended in a final volume of 250 µl PBST. To denature proteins on the streptococcal surface, we suspended bacteria in PBS, boiled them for 15 minutes at 100°C in a water bath, and tested them for collagen binding. We performed ligand overlay assays by spotting purified M proteins (5 µg, 1 µg, or 0.2 µg) and glutathione-Stransferase (GST) on nitrocellulose membrane or blotting M proteins following SDS-PAGE. Filters were processed as described previously (20) . In pulldown experiments, 50 µg pure recombinant GST-M fusion protein was mixed with 0.5 µg soluble radiolabeled CIV in a total volume of 70 µl PBS. The mixture was incubated for 45 minutes at 22°C prior to addition of 100 µl of a 50% glutathione sepharose solution in PBS. The mixture was incubated 30 minutes at 22°C, beads were washed three times with 1 ml PBS and precipitated, and the amount of sepharose-bound CIV/M protein complex was determined by analysis of the pellet in a gamma counter.
Polymorphonuclear cell-binding assay. Streptococci were suspended in PBS to give 1 × 10 8 bacteria per ml. From this suspension, 0.25 ml was either incubated with 10 µg soluble CIV alone, or preincubated with 10 µg soluble collagen prior to addition of 10 µg soluble fibronectin. Streptococci were washed and labeled, and polymorphonuclear (PMN) cell binding was assessed by flow cytometry as described previously (11) . The percentage of fluorescent PMN cells was used as a measure of attached and/or phagocytosed streptococci.
Electron microscopy. For field emission scanning electron microscopy (FESEM) of streptococci, 10 µg CIV was added to 2.5 × 10 7 bacteria suspended in 250 µl PBST, and incubated at 22°C for 30 minutes. After washing, samples were fixed and processed as described previously (21) . Collagen fibers were prepared from mouse tail, transferred into 1 ml DMEM, and incubated with 1 × 10 8 bacteria for 4 hours at 37°C. Fibers were excessively washed and processed for FESEM analysis. For preembedding immunogold labeling of bound collagen, bacteria were incubated with a 1:100 dilution of an anticollagen antibody (Progen Biotechnik GmbH, Heidelberg, Germany) and protein A/G-coated colloidal gold particles (10 nm in diameter; British BioCell International Ltd., Cardiff, United Kingdom), fixed with 2% glutaraldehyde and 5% formaldehyde, dehydrated with ethanol, and embedded in LRWhite resin following the scheme recommended by the manufacturer (London Resin Co., Reading, United Kingdom). Collagen gold complexes were generated by addition of 10 µg soluble CIV to 1 ml of colloidal gold particles (15 nm in diameter, pH 5.5), incubated for 30 minutes at 22°C, and centrifuged. The gold pellet was dissolved in PBS containing 0.5 mg polyethylene glycol (molecular weight 20,000). Bacteria were incubated with collagen gold complexes for 1 hour at 30°C, washed, and adsorbed onto carbon-coated Formvar (Sigma-Aldrich, Taufkirchen, Germany) films. After air-drying, uncoated samples were examined by low-voltage (1.5 kV) field emission scanning electron microscopy using a DSM982 Gemini FESEM; Zeiss). M18 capsule was visualized by a lysineacetate-based formaldehyde-glutaraldehyde ruthenium red-osmium embedding procedure according to the method of Fassel et al. (22) .
Cloning, purification, and characterization of M proteins. For generation of GST-M protein or histidine-tagged fusions, emm3, emm6, and emm18 gene fragments were amplified from the chromosomal DNA of the respective serotype GAS via PCR using the following primers: 5′-GCAGACAGTAGGATCCGATGCTAGGAGTG-3′ (M3), 5′-TCAAACAGAAGGAT-CCGCAGCACCCCTTA-3′ (M18), 5′-GAAGTTAGTGGATCCGTGTTTCCTAGG-3′ (M6), and 5′-CACCTGTTGAGTCGACCTGTCTCTTAGTT-3′ (M3.1, M18, and M6 reverse). A C-terminally truncated subclone of M3 was generated using reverse primer 5′-GACGGCTTGCTGCGACGATTTGTTTTTCTT-3′ (M3.2 reverse) Standard cloning techniques were used to generate constructs in the pGEX6P-1 vector system (Amersham Biosciences Europe GmbH, Freiburg, Germany) or pQE30 vector (QIAGEN GmbH, Hilden, Germany). Proteins were expressed, purified under native conditions, and processed for cleavage and removal of the GST part following the manufacturer's protocol.
Mouse infection experiments. For mouse passage and in vivo localization of S. pyogenes, streptococci were grown in Todd Hewitt broth to an OD 600 of 0.3. Bacteria were washed and resuspended in PBS, and a single dose of 5 × 10 8 streptococci suspended in 0.1 ml PBS was injected subcutaneously into 6-week-old pathogen-free female BALB/c mice (Harlan Winkelmann GmbH, Borchen, Germany). After 72 hours, streptococci were reisolated from blood.
To lyse erythrocytes, 200 µl blood was mixed with 5 ml deionized water and added to 45 ml broth. Bacteria were then grown for 18 hours at 37°C. Streptococci were analyzed for capsule expression in transmission electron microscopy, and for collagen binding as described above. For in vivo localization of S. pyogenes, skin was taken from areas of local abscess formation. Samples were fixed with 2% glutaraldehyde and 3% formaldehyde in cacodylate buffer (0.1 M cacodylate, 0.09 M sucrose, 0.01 M CaCl 2 , 0.01 M MgCl 2 [pH 6.9]) for 2 hours and washed with cacodylate buffer. For FESEM analysis, samples were dehydrated with a graded series of acetone and critical point dried with liquid CO 2 , using a CPD040 (BAL-TEC, Balzers, Liechtenstein). Samples were fractured, and fracture faces were sputter-coated with a thin gold film and examined in a DSM982 Gemini FESEM (Zeiss) at 5 kV using an Everhart-Thornley secondary electron detector (Zeiss) and an inlens secondary electron detector (Zeiss) at a 50:50 ratio. For transmission electron microscopy analysis, samples were fixed with osmium, dehydrated with acetone, and embedded in Spurr's epoxy resin. Ultrathin sections were counterstained with uranyl acetate and lead citrate prior to observation in a transmission electron microscope (TEM910; Zeiss) at an acceleration voltage of 80 kV.
Immunization of mice and detection of collagen-reactive antibodies. Pathogen-free 8-week-old female BALB/c mice were immunized intraperitoneally with 100 µg recombinant purified M3 protein (n = 5) or PBS suspended in 100 µl Freund's incomplete adjuvant per dose at days 1, 7, and 14. At day 21, serum samples of each group were collected, pooled, and tested in ELISA. To absorb M3-reactive antibodies, 10 µl serum pool was diluted 1:50 in PBS, and incubated for 2 hours with 2 mg GST-M3 protein immobilized on agarose. Antibodies bound to immobilized M3 protein were removed by centrifugation prior to ELISA analysis. To determine anti-collagen antibody titers, plates (Greiner, Frickenhausen, Germany) were coated overnight at 4°C with anti-human CIV rabbit serum (Progen Biotechnik GmbH) diluted 1:100 in coating buffer, blocked with 2% BSA in PBS, and incubated with CIV (2 µg/ml in PBS) for 1 hour at room temperature. Mouse sera (diluted 1:800 in PBS) were added to wells and incubated for 1 hour at room temperature. After washing, a 1:1,000 dilution of HRP-conjugated goat anti-mouse Ig (Jackson ImmunoResearch Laboratories Inc., West Grove, Pennsylvania, USA) was added and incubated for 1 hour. Antibody binding was detected using 2,2-azino-di-[3-ethylbenzthiazoline sulfonate] diammonium salt (ABTS) tablets (Boehringer Ingelheim GmbH, Mannheim, Germany) as substrate. The absorbance was determined at 405 nm in triplicates.
Patient sera and detection of human antibodies. Sera were obtained from acute-stage ARF patients as validated by the Jones criteria. All patients presented with carditis and arthritis. Control sera were taken from healthy individuals or uncomplicated-pharyngitis patients from the same geographical area 2-4 weeks after onset of illness. For determination of myosin or streptolysin O-reactive antibodies, plates were coated overnight at 4°C with either 1 µg/ml human heart myosin (Quartett Immunodiagnostika und Biotechnologie GmbH, Berlin, Germany) or streptolysin O (Sigma-Aldrich) in PBS (pH 7.6). Collagen coating was performed as described above. Patient sera (diluted 1:50 to 1:50,000 in serial dilutions in PBS) were added to wells and incubated overnight at 4°C. After washing, a 1:5,000 dilution of HRP-conjugated rabbit anti-human IgG (Sigma-Aldrich) was added and incubated for 1 hour at 37°C. Antibody binding was detected as described above. The cutoff titer for CIV was defined as 165 calculated from sera from healthy controls. Anti-GAS cell wall polysaccharide antibodies were detected as described by Thakur and Prakash (23) . Serum titers were obtained in independent assays and normalized against ARF3, a rheumatic fever serum included in all tests for standardization.
Results
Serotype M3 and M18 streptococci bind collagen. A collection of streptococcal isolates (n = 125) was tested for the ability to bind radiolabeled human CIV. These isolates represented 43 different M types from throat, wound, skin infection, invasive disease, or ARF. The majority of GAS isolates did not bind collagen (less than 5% binding), whereas 10% (n = 13) of the isolates showed strong (80-100%) binding activity toward CIV. Analyses of the M serotypes of the collagen-binding strains revealed that they belonged to either type M3 or type M18. To further validate these findings, we tested a collection of M type 3 (n = 5) or highly mucoid M type 18 (n = 5) GAS serotypes isolated during ARF outbreaks in the US for CIV binding. All of these ARF-associated M3 and M18 streptococcal isolates bound between 80% and 90% CIV.
Collagen aggregation affects PMN cell binding. To characterize the physiology of GAS in the presence of collagen, we analyzed M3 and M18 streptococci after incubation with CIV via FESEM. All M3 (n = 6) and M18 (n = 6) GAS tested revealed a rough and clumping phenotype due to matrix-like association of collagen on the streptococcal surface, whereas nonbinding strains exhibited a nonclumping and smooth phenotype (Figure 1, a and b ) that was also displayed by all isolates in the absence of CIV (data not shown). Immunogold labeling of collagen demonstrated that the rough phenotype indeed reflects collagen aggregation, as gold particles were associated on the bacterial surface only in the presence of CIV ( Figure  1c ). Since aggregation of streptococci was shown to inhibit phagocytosis (11), binding of M3 streptococci to human PMN cells was tested following collagen and fibronectin incubation. Bacteria preincubated with either fibronectin or collagen alone were bound by PMN cells as untreated bacteria, whereas streptococci precoated with both matrix proteins formed large aggregates and PMN cell binding was inhibited to 74% (PMN cell binding of S. pyogenes was 46% ± 0.1% SD without coating, 12% ± 0.3% SD with addition of collagen and fibronectin, and 45% ± 0.5% SD with addition of either fibronectin or collagen). These results show that collagen aggregation alone is sufficient to mediate aggregation, and that collagen and fibronectin binding synergistically protect the pathogen from PMN cell binding and, thus, from subsequent ingestion.
Streptococcal M3 protein binds collagen. To determine whether M proteins of serotype M3 and M18 GAS are the molecular factors that mediate collagen aggregation on the streptococcal surface, we cloned the emm genes in Escherichia coli and tested pure recombinant M proteins in ligand overlay assays and pulldown experiments. M3 protein reacted with 125 I-labeled CIV, whereas M18 protein and M6 protein, another recombinant M protein, as well as GST showed no reaction in ligand overlay assays (Figure 2, a and b) . A C-terminally truncated M3 fragment (Figure 2c ) was expressed as histidine-tagged fusion protein and also bound CIV (data not shown). To analyze the CIV-binding potential of native M proteins, a liquidphase binding assay was developed. This pulldown assay revealed that 60% (± 0.4% SD) of the total amount of CIV could be coprecipitated with M3 protein, but that CIV could not be coprecipitated with M18 (1.5% ± 0.2% SD), M6 (0.6% ± 0.3% SD), or CIV alone (0.4% ± 0.2% SD). These results indicate that M3 protein, but not M18 protein, aggregates CIV. The role of M3 protein in collagen binding is further supported by our finding of an M protein-negative variant of the M3 S. pyogenes strain C203 that was unable to bind CIV, while the parental M3 protein-producing strain bound CIV (data not shown). Competition assays using radiolabeled collagen revealed that M3 was unable to block collagen binding to streptococci. We hypothesized that M3 protein could be built in the collagen complex on the streptococcal surface, since collagen appears to be aggregated in a multimolecular complex rather than bound by a single domain, and, indeed, labeled M3 bound back to the collagen-coated streptococci (data not shown).
Hyaluronic acid capsule mediates collagen binding of M18 streptococci. A common feature of M18 strains is the permanently observed high degree of encapsulation ( Figure  3a) . We therefore examined whether the hyaluronic acid (HA) polysaccharide capsule is responsible for CIV aggregation. Collagen deposition on the capsular surface of the rheumatogenic M18 GAS strain 87282 (18) was visualized using collagen-coated gold particles by low-voltage FESEM (Figure 3, b and c) . Specific degradation of the HA capsule through hyaluronidase treatment of streptococci revealed complete loss of whole-cell collagen-binding activity in all M18 strains, reflected by a decrease of binding activity from 90.1% (± 0.4% SD) to the level of nonbinding control strains, 4.2% (± 0.8% SD), in the radioactive binding assay. Hyaluronidase treatment of serotype M3 strain 86764, however, did not affect collagen-binding activity (data not shown). Electron microscopic analysis of the hyaluronidase-treated M18 streptococci revealed loss of capsule (Figure 3d ) and a massive decrease (up to 100%) of capsule-associated collagen gold particles (Figure 3e ). Heat denaturing of potential capsule-associated surface proteins revealed intact capsule and collagen-binding activity (data not shown). These results demonstrate that HA capsule is crucial for the collagen binding and aggregation in serotype M18, but not serotype M3, S. pyogenes isolates.
In vivo conversion of M1 GAS to an encapsulated and collagen-binding phenotype. To further support the finding that capsule is a collagen-binding factor of GAS, a nonencapsulated and collagen-binding negative serotype M1 strain was subjected to mouse passage. The first culture grown from blood of the infected animal revealed the typical fuzzy structure on the streptococcal surface that is characteristic for HA capsule expression ( Figure 4) and that was absent in the strain grown in medium only. The mouse-passaged M1 strain bound collagen as efficiently as a passaged M18 strain (Figure 4d ) but, in contrast to M18 GAS, completely lost its capsule and binding potential after one more cultivation step in medium (data not shown). These results again suggest that encapsulation is essential for collagen binding, and that other S. pyogenes serotypes may acquire the potential to bind collagen under in vivo conditions.
S. pyogenes colonizes collagen matrix in vitro and in vivo.
To investigate the biological relevance of collagen binding, we tested the potential of GAS to adhere to a complex collagen matrix in a cell-free system. M3 and M18 strains but no other serotypes grown in culture were able to attach to and associate with collagen fibers in vitro ( Figure 5, a and b) . A further aim was thus to localize collagen-binding S. pyogenes cells in infected animals using a mouse skin-infection model. Three days after initial infection, electron microscopic analysis of skin samples revealed M3, M18, and M1 streptococci
Figure 1
Collagen matrix association of GAS. FESEM shows a thick CIV network on the surface of a collagen-binding M3 strain 86764 (18) isolated from a rheumatic fever patient (a) that is absent in strains that do not bind CIV (A40; b) . Transmission electron microscopy of collagenbinding serotype M3 GAS 86764 shows collagen deposition on the surface using immunogold labeling (c, arrowheads). Asterisks indicate aggregated CIV on the streptococcal surface. Bars, 1 µm (a and b) and 0.25 µm (c).
attached to collagen ( Figure 5 , c-h). As in the in vitro studies, bacteria were found to be aggregated and attached to collagen bundles and intimately associated with collagen fibers in vivo. Moreover, the M18 and the M1 isolates appeared to bind to collagen via their capsule ( Figure 5, e-g ). These in vitro and in vivo data indicate that collagen binding and aggregation represent a novel mechanism of S. pyogenes colonization to ECM.
M3 protein induces anti-collagen antibodies in mice. M3 streptococci are frequently associated with outbreaks of rheumatic disease. Since M3 protein is shown in this study to directly interact with CIV, the potential of M3 to evoke an anticollagen response in mice was analyzed. Mice were immunized intraperitoneally with pure recombinant M3 protein. All animals immunized with recombinant M3 (n = 5) had significantly elevated levels of CIV-reactive serum antibodies as compared with control mice (n = 5; Figure 6a ). Absorption of M3 protein-reactive antibodies from serum revealed only a slight decrease in collagen reactivity. These data indicate that M3 protein has the potential to elicit a specific immune response toward basement membrane collagen, but they also suggest that only a small population of collagen antibodies cross-reacts with both proteins.
Collagen-reactive autoantibodies are present in sera of ARF patients. To assess whether CIV-specific serum antibody titers are elevated in ARF patients, human sera were tested for the presence of anti-CIV antibodies. Sera were obtained from ARF patients (n = 5), pharyngitis patients (n = 9), and healthy individuals (n = 27). In addition to collagen-reactive IgG titers (means ± SD), titers against GAS cell wall polysaccharides, streptolysin O, and human cardiac myosin were determined (Figure 6b ). As compared with the pharyngitis group, anti-CIV titers (P < 0.005, two-tailed unpaired Student's t test) but not antimyosin titers (P = 0.49) were significantly increased in the ARF patient group. Furthermore, the ratio of anti-CIV to anti-streptolysin O titers was twice as high in ARF patients (0.43) as in pharyngitis patients (0.21). In contrast, the ratio antimyosin to anti-streptolysin O titers was not altered in the ARF group (0.09) as compared with the pharyngitis group (0.12). These data indicate a specific increase in anti-collagen antibody levels in ARF patients as compared with levels of antibodies against the other bacterial and host antigens tested, thereby clearly supporting the potential role of anti-CIV antibodies in ARF.
Discussion
M3 and M18 S. pyogenes isolates were found to be associated with rheumatic fever outbreaks and invasive disease (18) . A common factor or a common function, however, that would link these two serotypes in their pathogenic capability but separate them from others has not been documented. This study now highlights a common theme of these two important streptococcal serotypes: their ability to bind and aggregate collagen.
M3 protein, a membrane-anchored streptococcal surface protein (24, 25) , and HA capsule were identified in this study as the CIV-binding and -aggregating factors of GAS isolated from ARF patients. Cpa, the only collagen-binding protein so far described, binds Bars, 1 µm (a and d), 0.5 µm (b and e) , and 0.2 µm (c).
to immobilized collagen type I but is not expressed in M3 and M18 streptococci (26, 27) . In addition to collagen, GAS bind a variety of host factors, such as fibronectin, laminin, fibrinogen, Ig's, and albumin (4). The matrix protein fibronectin plays an important role in mediating streptococcal adherence on the surface of epithelial cells (10, 20, 28, 29) .
Since collagen is the major constituent of the ECM and basement membrane (12), collagen-binding molecules such as M3 protein and HA capsule may be defined as adherence and colonization factors. This is supported by our finding that S. pyogenes cells expressing M3 protein or capsule are able to colonize collagen matrix in vitro and in vivo ( Figure 5 ). Streptococci were also shown here to intimately associate with collagen fibrils via their HA capsule. Streptococcal HA is structurally identical to human HA, a ubiquitously expressed extracellular polymer that functionally acts as an ECM-modeling molecule. Collagen type VI microfibrils were shown to be associated with human HA (30) , suggesting that encapsulated GAS mimic matrix-assembly mechanisms of their host. However, commercial (dry, denatured) HA did not competitively block collagen binding at all after reconstitution in solution (K. Dinkla, unpublished observations). This may be due to structural denaturation of this fragile polyanionic stealth molecule during the purification process and the failure to acquire its native structure following rehydration.
The stable HA capsule is a characteristic of M18 streptococci, which may be explained by the genetic background of this serotype. HasA promoter activity of M18 strains was shown to be enhanced (31) . A hyaluronidase (HylP2), homologous to that of serotype M18 GAS, remains intracellular, allowing the bacterium to accumulate extracellular HA (32) . Interestingly, HylP2 and HylM18 differ from the hyaluronidases of other GAS in that the former lack a collagen-like stretch (33) . According to our results on HA/collagen interaction, HylM18 therefore may be unable to bind HA and may not be cotransported, which would explain both its intracellular localization and the highly encapsulated M18 phenotype.
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The Besides enabling the organism to adhere to collagen matrix, coating of the bacteria with CIV allows them to form aggregates (Figures 1a and 5c ) and, thus, may protect them from phagocytosis. This was shown for strains with certain M proteins that interact with each other (34) and for strains showing SfbI protein-mediated matrixprotein recruitment (11) . The present study reveals further evidence that complex matrix recruitment impairs PMN cell binding and protects from phagocytosis in vitro. M proteins in general are important antiphagocytic factors that have been shown to impair phagocytosis through binding to fibrinogen (35) . Thus, collagen binding displayed by M3 protein may elucidate how streptococci bypass host defense mechanisms. Since M3 and M18 isolates are often associated with invasive disease, the role of collagen binding may be important in the development of deep-tissue invasion such as cellulitis and fasciitis. This is supported by the observation that M3 and M18 streptococci colocalize with collagen in subdermal tissue in vivo, as demonstrated in the mouse model.
With respect to post-streptococcal rheumatic disease, epidemiological data led to two leading concepts, a "serotype concept" of rheumatogenicity in which certain M serotypes are frequently associated with ARF, and a "strain concept" that is supported by the finding that, within a given M serotype, only particular strains appear to cause ARF (36, 37) . Our findings may fit in both concepts: M3-and HA-mediated CIV binding of serotype M3/M18 streptococci supports the serotype concept, while the strain concept may apply to other serotypes in which the degree of in vivo HA encapsulation and, thus, CIV binding may vary. However, it is also possible that the mechanism(s) by which other serotypes produce disease is completely different from those reported here.
In this study, conversion of a serotype M1 isolate into an encapsulated, collagen-binding organism by in vivo mouse passage was demonstrated. This is in agreement with reports that M1 and other serotypes isolated from ARF patients are rich in M protein and highly mucoid when freshly isolated (1, 18, 37, 38) . Recombinant M1 protein did not bind collagen (K. Dinkla, unpublished observations), supporting the concept that, as in M18 isolates, capsule is important for collagen binding. In contrast to M18 streptococci, capsule association and collagen-binding potential were completely lost after one more recultivation step, demonstrating that M1 rapidly loses capsule in vitro.
For one of the collagen-binding factors, M3 protein, we demonstrate that it can induce collagen-reactive antibodies in mice (Figure 6a ). Only a slight reduction of the collagen-reactive antibody titer was observed following absorption of M3-reactive antibodies, revealing that only a small population of collagen-reactive antibodies crossreacts with M protein. Thus, although structural similarity (mimicry) between M3 protein and collagen may exist, this does not explain the presence of collagen-reactive antibodies that do not cross-react with M3 protein.
Binding per se may represent the key event that leads to generation of CIV-reactive antibodies. Upon M3 protein binding, changes in the conformation of CIV may expose cryptic epitopes that become accessible for antibody binding, a phenomenon observed in Goodpasture syndrome, a CIV-based autoimmune disease (39) .
Our results indicate that ARF patients, too, show an increase in CIV-reactive IgG antibody titers (Figure 6b) . It may be possible that collagen-like proteins (40) (41) (42) (43) of GAS elicit anti-collagen antibodies, since the Scl proteins share primary sequence homology with human collagen and have been shown to form triple helices (44) . However, the presence of Scl's by itself cannot explain the M serotype dependency in ARF. What role the anti-collagen antibodies identified here play in triggering post-streptococcal inflammatory processes remains to be determined. Causing arthritis is one attractive hypothesis, since ARF-related arthritis is generally believed to be induced by antibodies. CIV-specific serum responses in patients and controls. Sera were from healthy controls (H, n = 27), pharyngitis patients (P, n = 9), or ARF patients (ARF, n = 5). Antigens were streptolysin O (SLO), GAS polysaccharide (GAS), human heart myosin (MYO), and CIV. Bars represent mean IgG titers of three experiments ± SD. (c) Anticollagen titer of individual patient sera. Titers are shown for each individual serum collected from ARF patients (triangles), pharyngitis patients (squares), or healthy individuals (circles).
Accordingly, M protein-cross-reactive anti-Hsp65 antibodies were shown to recognize collagen type II (45) and can induce experimental arthritis.
To summarize, the data of this study indicate that GAS with high rheumatogenic potential bind and aggregate human collagen type IV in vitro and in vivo. A novel function is presented for M3 protein and HA capsule. It is further demonstrated that M3 protein induces anti-collagen autoantibodies in mice and that patients suffering from ARF possess elevated levels of collagen-reactive antibodies. Besides its potential role in ARF, collagen binding may enhance the overall potential of S. pyogenes to cause disease and may thereby contribute to the immunopathological processes observed in the susceptible host.
